Abstract
INTRODUCTION
Population growth, rapid industrialization and long term droughts has resulted in the spread of wide range of pollutants in surface and ground water system. The major contaminants include heavy metals, inorganic compounds, organic pollutants and many other complex compounds. It is imperative to remove these toxic substances, as they are harmful not only to human beings but also to the ecological environment (Sherry Davis et al., 2017) . The applications of nanotechnology have been constantly increasing over the past decades, especially of metal-based engineered nanomaterials (McKee&Filser, 2016; OrtegaCalvo et al., 2016; Sherry Davis et al., 2017 ). An important property of nanomaterials is their greater surface area, which is reflected by their increased reactivity. In situ decontamination techniques based on nanomaterials are increasingly employed. A wide variety of nanomaterials, such as zeolites, metal oxides, carbon nanotubes and fibers, several noble metals and titanium dioxide, have been investigated for this purpose (OrtegaCalvo et al., 2016) . One of the restoration strategies used nowadays is bioremediation, which makes use of microorganisms. However this treatment method is not feasible for sites contaminated with toxic substances, as it is harmful to microorganisms. Nanoparticles however has the unique capability to remediate such toxic environments and also provide a healthy substrate for microbial activity thus speeding up the process of environment clean-up (Zhang, 2003; Sherry Davis et al., 2017) . However, nanomaterials remain in the center of intense research because of their unknown environmental risks and effects on living organisms (Auffan et al., 2009; Sacca et al., 2014; McKee&Filser, 2016) . Some of them, nanoparticles like Ag, Au and oxides of Al, Ti, Si and Zn have harmful effect on the cells of microorganisms (Auffan et al., 2009; Gordon&Margel, 2011; Kiran et al., 2014; McKee&Filser, 2016) .
Iron-based nanoparticles have probably been the most used on a broad spectrum of pollutants, including halogenated organic chemicals, polycyclic aromatic hydrocarbons, pesticides and heavy metals (Fang et al., 2012; Sacca et al., 2014; Ortega-Calvo et al., 2016; Sherry Davis et al., 2017) . Iron nanoparticles have large surface and high chemical activity, and they are significantly superior to the commonly used iron particles for the degradation of pollutants (Zhang, 2003; Fang et al., 2012) . Iron nanoparticles, applied for in-situ subsurface remediation, have high potential for migration in the environment and are likely to interact not only with pollutant chemicals but also with living organisms (Sevcu et al., 2011; Xie et al., 2017) . It is widely recognized that microorganisms are critical for soil nutrient cycling processes, such as the decomposition of organic matter and the cycling of nutrients. To preserve such functions, it is important to understand the potential effects of engineered nanoparticles on soil microbial communities (Pawlett et al., 2013) . Iron-based nanoparticles are expected to be nontoxic, due to using Fe atom in several pathways of cell metabolism and, therefore, low iron toxicity (Kiran et al., 2014) . But there is a series of investigations that prove the toxic action of iron nanoparticles on different microorganisms, including: Escherichia coli (Auffan et al., 2009; Darwish et al., 2015; Chaithawiwat et al., 2016) , Staphylococcus aureus (Darwish et al., 2015; Gordon&Margel, 2011) , Dehalococcoides spp. (Auffan et al., 2009) , Pseudomonas putida (Chaithawiwat et al., 2016; Ortega-Calvo et al., 2016) , Pseudomonas stutzeri (Sacca et al., 2014) , Bacillus subtilis var. niger, Pseudomonas fluorescens (Diao&Yao, 2009), Pseudomonas aeruginosa (Kafayati et al., 2013) , Erwinia amylovora, Xanthomonas oryzae, Bacillus cereus and Streptomyces spp. (Barzan et al., 2014) and in some cases on compositional structure and functional capacity of the soil microbial community (Pawlett et al., 2013; Cao et al., 2016) . In all cases, the concentration and size of nanoparticles played an important role. In the literature, only one experiment on the direct effects of nZVI on fungi strain of Aspergillus versicolor, except our investigations (Postolachi et al., 2017) , has been published (Diao&Yao, 2009) . The authors have shown that even when the fungal culture was treated with a relatively high concentration of nZVI, the effect on its viability was zero. Regarding indirect effects of iron nanoparticles, there are researches that demonstrate that the adverse effects of Fe 3 O 4 nanoparticles on the soil bacterial community were altered by arbuscular mycorrhizal fungi (Cao et al., 2016) . Although there are many researches on the effects of iron nanoparticles on microorganisms and their mechanism of action, it is important to study their influence on several microorganisms' strains in order to fill gaps in our knowledge. Thus, the objective of this study was to determine the effect of magnetite (Fe 3 O 4 ) and zero-valent iron Fe(0) NPs, and fluorinated dinitroaniline herbicide trifluralin on growth of mycelial fungi.
MATERIALS AND METHODS
Materials. In our experiment we used two types of iron nanoparticles: colloidal aqueous solution of magnetite (Fe 3 O 4 ) NPs (the size was 20-25 nm) in concentration of 100 mg/L and colloidal aqueous solution of zero-valent iron Fe(0) NPs (the size was 4-4.7 nm), in concentration of 100 mg/L. Fe 3 O 4 nanoparticles were prepared using iron(II) sulfate and iron(III) chloride. Fe(0) nanoparticles were prepared by chemical reduction from ferric salt-solution. Encapsulated nanoparticles Fe 3 O 4 -PVP and Fe(0)-PVP were prepared according to the chemical co-precipitation method, in the presence of poly-N-vinylpyrrolidone (PVP) used as a stabilizer. Iron(II) sulfate(≥ 99.7%), a saturated iron(III) chloride solution (≥ 99.0%), poly-Nvinylpyrrolidone (PVP, MW: 8000), and ammonium hydroxide (≥ 99.9%) were purchased from Sigma-Aldrich. The resulting material was studied by FTIR spectroscopy using a PerkinElmer Spectrum 100 FT-IR spectrometer in a spectral range of 650-4000 cm -1 . Spectral range was about 400-4000 cm -1 into vaseline. The samples were prepared in vaseline for recording in a range of 4004000 см 1 .
X-ray diffraction analysis was carried out on a DRON-UM diffractometer using a (e-K Dradiation at λ = 1.93604 A°) in a range of 2θ = 10°-80° at room temperature. Scanning electron microscope (SEM) images were recorded with a Quanta 200 electronic microscope (ESEM) operating at 30 kV with secondary and backscattering electrons in a high vacuum mode. The resulting Fe(0) nanoparticles were characterized by X-ray powder diffraction (XRD) analysis, X-ray fluorescence analysis (XRF), scanning electron microscopy (SEM) FT-IR-spectroscopy. The diffractogram of the Fe(0)/PVP nanoparticles, with the maximum diffraction at 2θ = 44.8°. Particles size was computed according to Debye-Scherrer formula, which coresponds to 4 nm. The X-Ray Fluorescence Spectroscopy (XRF) of encapsulated nano-sized iron (~ 4.7 nm) showed that the transition energy corresponding to the gravity centre of the FeK-α 1 line shifts by 1.33 eV as a result of a transition from a flat polycrystalline sample to nanoscale iron. Trifluralin (α,α,α-trifluoro-2-6-dinitro-N-Ndipropyl-p-toluidine), a pre-emergent herbicide belonging to the dinitroaniline chemical family, was used as a solution in acetone at concentration of 100 mg/L. Object of research. 5 strains of micromycetes isolated from long-term polluted soil by obsolete pesticides were used as testmicroorganism: 1LD, Alternaria sp. 4D, 5D, 8D, Penicillium viride.
Research methods. For assessing the inhibition activity of the iron NPs and trifluralin the agar diffusion method was used. Initially the strains were inseminated in lawn, after it's grown up the agar disks of micromycetes colony mass was prepared by using sterile borers. Disks were then aseptically transferred to plates with Czapek media having magnetite NPs or zerovalent iron NPs or trifluralin or the mixture of trifluralin and NPs solutions. Investigations were performed separately for each nanoparticle and had the following variants: variant 1 -control (the solid Czapek medium, pH 5.5-5.7); variant 2 -medium Czapek + solution of Fe NPs; variant 3 -medium Czapek + solution of trifluralin; variant 4 -medium Czapek + mixture of solutions of Fe NPs and trifluralin. The mixture of solutions of Fe NPs nanoparticles and trifluralin was incubated for 1 hour before using. Diameter of growth zones for the fungi strains was measured at the 8th day. Inhibition activity (IA, %) of trifluralin, magnetite (Fe 3 O 4 ) NPs and zero-valent iron Fe(0) NPs was calculated in percent of inhibition of growth, compared to the control, according to the method proposed by Pandey et al. (1982) .
RESULTS AND DISCUSSIONS
Various substances added to the culture medium for the cultivation of microorganisms could both stimulate their growth, and inhibit it. Stimulation of growth could be expressed by an increase in the biomass of a microorganism grown in a liquid nutrient medium, an increase in the number of colony forming units (CFU), or in the size of a colony of microorganism grown on solid nutrient medium. On the contrary, the inhibitory effect of the substance could be expressed by a decrease of biomass accumulation, in reduce of the amount of CFU and reduction in size of the microorganism colony. In the case of mycelial fungi, the smaller was the diameter of the micromycetes colony grown on a solid nutrient medium amended with test substance, in compare with the diameter of the micromycetes colony in the control variant, the greater was the value of the inhibitory activity and more sensitive the strain was to the action of the substance. Conversely, the larger was the diameter of the micromycetes colony, the less was the value of IA and more resistant was the strain to the action of the substance.
The inhibition activity values, characterized the sensibility of fungal strains to the magnetite and Fe(0) nanoparticles, were represented in Figure 2 . Each fungal strain had an individual reaction to the solution of magnetite nanoparticles added to the culture medium. The strain 1LD did not react to the presence of magnetite nanoparticles in the culture medium, i.e. the diameter of growth zones was at the control level. On fungal strains Alternaria sp. 4D and 5D magnetite nanoparticles had a weak inhibitory effect, and the growth of micromycetes 8D and P. viride was even stimulated. Comparing the IA values, that were positive for two out of five micromycetes and negative for three of them, one could concluded, that Fe(0) nanoparticles could be both growth inhibitors and stimulants of mycelial fungi. The solution of Fe(0) nanoparticles had a strong inhibitory effect on the cultures of the micromycetes Alternaria sp. 4D and P. viride (IA was 26.88% and 13.91% respectively) . The stimulating effect of Fe(0) nanoparticles on the growth of mycelial fungi was more mild, in compare with inhibition activity, and IA was within -1.6% --3.1%. It was visually clear and microscopically confirmed, that magnetite nanoparticles, as well as Fe (0) (0) nanoparticles (3) The inhibitory effect of the trifluralin solution, expressed by increasing the IA value, was observed in all strains of micromycetes. The most sensitive strain to the inhibitory action of trifluralin was Alternaria sp. 4D (IA 38.7%); IA values of other four strains were within interval of 5.06-7.95% (Figure 4 ). Preliminary incubation of mixture of trifluralin and Fe(0) nanoparticles solutions for an hour, reduced the inhibitory effect of trifluralin, for Alternaria sp. 4D in 1.3 times, for strain 5D -in 4.3 times, and for three others micromycetes -in 1.7-2.2 times. Inhibitory effect of trifluralin also was reduced by magnetite nanoparticles, in 1.6 times for Alternaria sp. 4D, and in 4.5 times for strain 1LD, or even it was disappeared completely, as for micromycetes 5D and P.viride, where the stimulation was observed ( Figure 5 ). So, in all variants of the experiment, when the mixture of trifluralin and nanoparticles was added, the same phenomenon was repeatednamely, the negative effect of trifluralin was reduced. (0) nanoparticles, added to the culture medium for micromycetes, stimulated the growth of three out of five strains of mycelial fungi, however, inhibited the growth of Alternaria sp. 4D and P. viride. The inhibitory effect of trifluralin on micromycetes was reduced or disappeared, if the herbicide solution has been exposed with the solution of magnetite or Fe(0) nanoparticles for an hour before the addition to the culture medium. Incubation of trifluralin with Fe(0) nanoparticles solution reduced pesticide toxicity for micromycetes, even in the case when strain had a high sensitivity to Fe(0) nanoparticles.
